Classification and diagnosis of glioma
======================================

Primary brain tumors are among the top ten causes of cancer-related deaths in the US. Malignant gliomas account for approximately 70% of the 22,500 new cases of malignant primary brain tumors diagnosed in adults in the US each year and are associated with high morbidity and mortality. Despite optimal treatment, the median survival is 12--15 months for patients with glioblastoma and 2--5 years for those with anaplastic glioma.[@b1-cmar-4-233]

Brain tumors are classified according to the type of cell in which they occur, diagnosed on morphological criteria, and graded according to World Health Organization (WHO) criteria. This system of classification and diagnosis provides an estimated prognosis of the natural course of the disease.[@b2-cmar-4-233]

Gliomas develop in glial cells and are named after the types of glial cell with which they share histological features. The main forms of glioma are ependymomas, astrocytomas (of which glioblastoma multiforme is the most common), oligodendrogliomas, and mixed gliomas, such as oligoastrocytomas, which contain cells from different types of glia. Gliomas are further categorized according to their grade, as determined by pathologic evaluation of the tumor. They include low-grade gliomas (WHO grade II), which are nonanaplastic, ie, well differentiated, and high-grade gliomas (WHO grade III--IV), which are anaplastic, undifferentiated, and have a poor prognosis. Among adults, the most frequent types of brain tumor are glioblastomas and other astrocytic tumors, meningiomas, acoustic neuromas, and pituitary gland tumors.[@b3-cmar-4-233] Gliomas are the most common forms of brain cancer, tend to be fast growing, diffusely invasive, poorly understood, and highly resistant to treatment.[@b4-cmar-4-233]

Signs and symptoms of glioma
============================

The signs and symptoms of brain tumors result partly from increasing pressure within the skull as the tumor grows. Other symptoms are secondary to effects on nearby structures and inflammation associated with malignant invasion. The most common symptoms are headache, vomiting, generalized or focal seizures, impaired movement or sensation, loss of sense of smell, difficulty walking, vertigo, hearing loss, visual field defects or loss of vision, nystagmus, tremor, incontinence, deterioration in mental and behavioral status, memory loss, difficulty speaking or understanding speech, excessive thirst or appetite, inappropriate denial of illness, injury or bodily defects, and visual hallucinations.[@b5-cmar-4-233]

Epidemiology
============

There are approximately 19 different International Classification of Disease (ICD-9) codes for brain tumors. There is a tendency toward a higher incidence of glioma in highly developed, industrialized countries, with some reports indicating that people of European origin have higher incidence rates than African or Asian populations.[@b6-cmar-4-233] In the US, both incidence and mortality rates are substantially higher among whites than among people of other racial or ethnic groups, and men have higher incidence and mortality rates than women in all racial groups. Incidence and mortality rates for cancers of the brain and central nervous system have decreased slightly in the past decade. Among children, the incidence of brain and central nervous system cancers has risen slightly over the past three decades, while the death rate has fallen slightly over the same period. It is estimated that \$3.7 billion is spent in the US each year on treatment of brain cancer.[@b7-cmar-4-233]

[Figure 1](#f1-cmar-4-233){ref-type="fig"} shows trends in mortality rates for brain cancer and other nervous system cancers from 1975 to 2008. Mortality rates among both blacks and whites in the author's home state of Mississippi steadily increased from 1975 to the late 1990s, then declined in whites but continued to rise in blacks. In the US as a whole, death rates among both blacks and whites have declined since about 1990.[@b8-cmar-4-233]

With the exception of pilocytic astrocytomas (WHO grade I), the prognosis for patients with glioma is poor. Fewer than 3% of glioblastoma patients are still alive 5 years after diagnosis, older age being the most significant prognostic factor for a poorer outcome.[@b6-cmar-4-233]

Risk factors
============

Many environmental and lifestyle factors, including several occupations, environmental carcinogens, and diet, are reportedly associated with an increased risk of glioma, but the only factor unequivocally associated with an increased risk is both low-dose and high-dose therapeutic ionizing radiation. In particular, children treated with irradiation for acute lymphoblastic leukemia show a significantly elevated risk, often within 10 years of therapy.[@b6-cmar-4-233] However, overall, little is known about the risk factors and causal mechanisms for glioma. Limited evidence suggests that gliomas are associated with traumatic brain injury, cigarette smoking, use of hair dyes, and exposure to certain chemicals and viruses. For instance, studies suggest associations between prior head injury and meningioma in men,[@b9-cmar-4-233] between smoking unfiltered cigarettes and an increased risk of adult glioma,[@b10-cmar-4-233],[@b11-cmar-4-233] and a null or inverse association between glioma and alcohol consumption.[@b12-cmar-4-233] An international case-control study showed an inverse association between allergic diseases and glioma, but not with meningioma.[@b13-cmar-4-233] With regard to viral etiologies, during the 1950s and 1960s live polio vaccines were contaminated with simian monkey virus (SV40), and a case-control study of children with medulloblastoma showed that significantly more cases than controls had been exposed to SV40.[@b14-cmar-4-233] A cohort study in Germany similarly indicated that exposure to SV40 in childhood was associated with a slightly higher risk of glioblastoma and medulloblastoma.[@b15-cmar-4-233] However, a later study reported no difference in brain tumor risk between exposed and nonexposed groups.[@b16-cmar-4-233]

Hypothesis
==========

While knowledge of the risk factors and pathogenesis remains sparse, it is postulated here that long-term exposure to the risk factors noted above, either singly or in combination, initiates the growth of glioma via a common pathway that involves prolonged intermittent exposure of the glia to endogenously synthesized retinoic acid. It is suggested that the net effect of these processes is an increase in the accumulation of retinoic acid in glial cells, resulting in inflammatory changes involving an imbalance in retinoid receptor isoform expression characterized by retinoic acid receptor-α (RARα) overexpression and retinoic acid receptor-β (RARβ) underexpression.

Retinoids
=========

Retinoids (the collective term for vitamin A and its natural and synthetic congeners) are fat-soluble molecules that are essential in low concentration for numerous bodily functions, including embryogenesis, normal development, and tissue differentiation, but in higher concentration they can be cytotoxic, mutagenic, and teratogenic.[@b17-cmar-4-233] Vitamin A is derived from dietary sources and is stored as retinyl esters in the liver (about 80%), with lesser amounts in the lungs, kidneys, and bone marrow. Retinol is transported as retinol-binding protein from the liver to the target tissues, where it is enzymatically converted to retinaldehyde and subsequently to retinoic acid. The latter serves as a ligand for the retinoic acid receptors and the retinoid X receptors, each of which has three isoforms, ie, α, β, and γ. These receptors form heterodimers and are responsible for the expression of numerous genes.[@b18-cmar-4-233],[@b19-cmar-4-233]

Retinoid signaling pathways stimulate neurogenesis, dendritic growth of hippocampal neurons, and higher cognitive functions, such as spatial learning and memory formation.[@b20-cmar-4-233],[@b21-cmar-4-233] Components of the retinoid signaling system involved in retinoid metabolism and transport include retinal dehydrogenases and cellular retinoid binding proteins, and are found in the adult brain. Many neuronal genes are responsive to retinoids.[@b18-cmar-4-233] High levels of RARα mRNA are normally present in the hippocampus, cerebellum, and hypothalamus; conversely, RARβ mRNA is prominently expressed in the developing central nervous system and in nonkeratinizing oral cavity epithelial cells, but is undetectable in oral cavity squamous cell carcinoma cell lines.[@b22-cmar-4-233] Cultured astrocytes express the key enzyme mRNAs of retinoic acid biosynthesis and actively produce all-trans retinoic acid; moreover, blockage of retinoic acid signaling by the pan-RAR antagonist, AGN193109, prevents glia-induced neuron formation by noncommitted stem cells, which has been interpreted as suggesting that retinoic acid contributes to astroglia-induced neuronal differentiation.[@b23-cmar-4-233] Astrocyte-derived retinoic acid is considered a key factor in neurogenesis. Recent evidence indicates that primary rat astrocytes but not neurons biosynthesize retinoic acid using multiple retinol dehydrogenases and retinaldehyde dehydrogenases. Astrocytes secrete retinoic acid into their medium whereas neurons sequester retinoic acid.[@b21-cmar-4-233]

Uses of retinoids in cancer treatment
=====================================

Synthetic forms or analogs of retinoic acid (eg, 13-cis-retinoic acid) have long been used to treat several diseases, including numerous forms of cancer. The use of retinoids in the treatment of cancer began with the observation that the flattened, keratinized epithelial cells in lung cancer tissue were similar to those seen in vitamin A deficiency.[@b24-cmar-4-233] Retinoid signaling is often compromised early in carcinogenesis, which has suggested a causal role for reduced vitamin A in tumor development.[@b25-cmar-4-233] Hence, supplementation with pharmacologic doses of retinoids was thought to provide an effective treatment by correcting an underlying deficiency. In one such study on the use of the analog 13-cis-retinoic acid for glioma,[@b26-cmar-4-233] the results were described as "modestly beneficial". Several case-control studies also appeared to support the vitamin A deficiency hypothesis by showing that plasma retinol concentrations were low, but not necessarily deficient, in cancers of the lung, prostate, and breast.[@b22-cmar-4-233] All-trans retinoic acid (ATRA) significantly inhibited proliferation of glioma cells, accompanied by upregulation of expression of Axin and altered subcellular distribution of catenin.[@b27-cmar-4-233] Inflammatory cytokine release from astrocytes in vitro was also reduced by ATRA.[@b28-cmar-4-233] This was a study designed to investigate the central nervous system regulation of inflammation mediated by microglia and astrocytes, in which murine astrocyte cultures were treated with bacterial lipopolysaccharides. Cells responded to lipopolysaccharides with a strong upregulation of proinflammatory cytokines and chemokines. Treatment with ATRA suppressed mRNA expression and protein release of several important cytokines, ie, interleukin (IL)-1β (4%), IL-6 (21%), tumor necrosis factor-α (30%), IL-12p40 (42%), and IL-12p35/p40 (27%, *P* \< 0.01), consistent with the hypothesis that ATRA participates in endogenous anti-inflammatory feedback loops in the central nervous system. Matsushita et al[@b29-cmar-4-233] reported that the retinoic acid receptor agonist, Am80 (tamibarotene), currently in clinical use for the treatment of acute promyelocytic leukemia, was effective in treating intracerebral hemorrhage, which accompanies inflammatory reactions in the brain. Using an adult mouse model of intracerebral hemorrhage induced by intrastriatal injection of collagenase, daily oral administration of Am80 significantly inhibited the decrease in the number of striatal neurons 3 days after the insult. Prominent expression of RARα was observed in activated microglia and macrophages. The number of activated microglia/macrophages was also lower in Am80-treated mice compared with controls, suggesting that the retinoic acid receptor is a promising target of neuroprotective therapy for intracerebral hemorrhage.

Many other studies using neuronal and glial cell cultures also point to the beneficial effects of retinoic acid, suggesting that future therapeutic approaches should focus on the activation of retinoic acid signaling.[@b30-cmar-4-233] In fact, retinoic acid has become the standard treatment for acute promyelocytic leukemia and has improved the complete remission rate.[@b31-cmar-4-233] However, in general, supplementary vitamin A using retinyl esters or synthetic retinoids has only temporary benefits in cancer treatment and these appear to be outweighed over time by toxic effects, notably the occasionally fatal "retinoic acid syndrome" characterized by respiratory distress, pulmonary infiltrates, fever, hypotension, weight gain, renal failure, and leg edema.[@b32-cmar-4-233]--[@b34-cmar-4-233]

By the early 1980s, the disappointing results of treatment with retinoids led to the hypothesis that the presumed deficiency of vitamin A in cancer was not due to reduced intake of preformed vitamin A but to reduced intake of plant sources of vitamin A, ie, carotenoids. Thus, it was suggested that supplementation with β-carotene, possibly combined with preformed vitamin A, could be a safe and effective approach to the treatment of cancer.[@b35-cmar-4-233] Today, the search continues for less toxic retinoid compounds, and there are now over 4000 natural and synthetic molecules structurally or functionally related to vitamin A.[@b34-cmar-4-233] Yet the surprising result of several subsequent long-term clinical trials of supplementary β-carotene and vitamin A for lung cancer prevention, involving thousands of men and women at high risk, was that these agents has no beneficial effect in preventing cancer and were instead associated with significant increases in lung cancer, cardiovascular disease, and total mortality, notably in smokers.[@b36-cmar-4-233],[@b37-cmar-4-233] EUROSCAN (European Study on Chemoprevention With Vitamin A and N-Acetylcysteine) similarly showed an increased risk of lung cancer among smokers who received β-carotene.[@b38-cmar-4-233] A recent systematic review of studies on the safety and efficacy of vitamin A and retinoid derivatives for the treatment and prevention of lung cancer concluded that evidence was lacking to support such uses.[@b39-cmar-4-233]

Could prolonged exposure to retinoids contribute to the pathogenesis of cancer?
===============================================================================

These findings remain unexplained on the current paradigm that cancer is associated with a deficiency of vitamin A. The alternative hypothesis suggested here is that alterations in retinoid metabolism associated with increased retinoid accumulation, expression, and toxicity induced by, eg, cigarette smoking, the use of hair dyes, irradiation, and exposure to certain chemicals and viruses, may be a common pathway for the development of many forms of cancer. In the case of gliomas, excessive and/or repeated exposure of the glial cells to retinoic acid due to the aforementioned risk factors, as well as traumatic brain injury, may result in alterations in the expression of retinoid receptor isotypes characterized by increased expression of RARα and reduced expression of RARβ.

Vitamin A is an essential micronutrient that regulates many biological processes through modulation of retinoic acid receptor-responsive genes, acting as a systemic antioxidant and participating in the modulation of diverse redox mechanisms involved in physiological and pathological processes. However, increasing evidence from bench and clinical studies indicates that retinoids in pharmacological amounts are neurotoxins and can induce pro-oxidant actions that can lead to impaired brain and lung function[@b40-cmar-4-233] and induce cell damage, proto-oncogene activity, proliferation, and neoplastic transformation.[@b41-cmar-4-233] Thus, dietary retinoic acid supplementation stimulates intestinal tumor formation and growth of multiple intestinal neoplasia in (Min)/+ mice).[@b42-cmar-4-233] Vitamin A supplementation also increases the expression of c-Jun while decreasing the expression of p53 and p21WAF1/CIF1; the increase in c-Jun produced a significant increase in cyclin D1 expression, suggesting that vitamin A supplementation at pharmacological doses increases the risk of adverse effects, including the risk of cancer.[@b43-cmar-4-233] The literature also suggests that vitamin A supplementation induces neurotoxicity and that synthetic retinoid treatment for acne decreases metabolic rates in the cerebral cortex and increases the risk of suicide and depression.[@b18-cmar-4-233] Vitamin A supplementation increases the risk of all-cause mortality, even at low doses.[@b44-cmar-4-233]

The results of the unsuccessful beta-carotene and vitamin A cancer prevention trials are tentatively explained as follows: long-term beta-carotene supplementation coupled with habitual smoking and/or alcohol intake induces inflammatory changes in the liver, leading to fatty liver and hepatocyte injury associated with increased liver enzymes. Liver damage impairs the synthesis and secretion of vitamin A and thereby lowers total vitamin A concentrations in the blood, lung, and liver.[@b45-cmar-4-233],[@b46-cmar-4-233] However, contrary to the view that the mechanism of ethanol toxicity involves inhibition of the enzymatic conversion of retinol to retinoic acid, it is hypothesized that liver damage due to habitual smoking and alcohol intake causes stored retinoic acids and toxic retinyl esters (unbound to protein) to leak into the circulation from damaged hepatocytes, inducing inflammation and structural damage in lung, brain, and other tissues; a long-term effect of this process is induction of carcinogenesis and/or vascular disease.

In support of this model, polar retinol metabolites extracted from liver tissues of rats fed either an alcoholic or isocaloric control diet caused marked toxicity to hepatocytes in a concentration-dependent and time-dependent manner. Toxicity was due to apoptosis, as shown by increases in sub-G1 cellular events, rapid loss of mitochondrial membrane potential, and activation of caspase-9 and caspase-3.[@b47-cmar-4-233] Blocking the enzyme cytochrome P450 (CYP)2E1, which inhibits the formation of retinoic acid metabolites, protects against the development of alcoholic liver disease in animal studies.[@b48-cmar-4-233] Ethanol is known to increase retinoic acid production in cerebellar astrocytes and in the cerebellum.[@b49-cmar-4-233] Ethanol also increases retinoic acid in the adult rat hippocampus, liver and testis; feeding dams a liquid diet containing 6.5% ethanol from embryonic day 13--19 significantly increases retinoic acid levels in the fetal hippocampus and cortex. It was suggested by the authors that supraphysiological concentrations of retinoic acid may contribute to ethanol-associated pathological conditions, including cognitive dysfunction and fetal alcohol syndrome.[@b50-cmar-4-233] The adverse effects of alcohol on vitamin A metabolism is the subject of a recent review.[@b51-cmar-4-233] However, as noted, studies suggest a null or negative association between alcohol consumption and malignant brain tumors.[@b12-cmar-4-233]

Temporary benefits of therapeutic retinoids
===========================================

Two possible explanations are suggested for the temporary beneficial effects of retinoic acid analogs. First, the drugs could induce feedback inhibition to the endogenous synthesis of retinoic acid in the target tissues. For instance, Barua et al[@b52-cmar-4-233] found that a single oral dose of retinoic acid (0.167 mM) in corn oil given to six healthy human subjects was associated with a mean decline in serum retinol levels of approximately 20% within one hour which lasted for 24 hours. The concept of feedback inhibition of retinol (and retinoic acid synthesis) is consistent with the notion that increased endogenous expression of retinoid rather than deficiency is associated with the pathogenesis of cancer. Thus, retinoic acid had opposite effects on a human glioblastoma cell line (GL-15) depending on its concentration. At low doses (0.01--1 μM), retinoic acid increased the proliferation of GL-15 cells via activation of a constitutively present signal transduction factor (STAT-3), whereas at higher concentrations (5--10 μM), retinoic acid inhibited GL-15 proliferation, induced apoptosis, and failed to activate STAT-3.[@b53-cmar-4-233]

A second possibility is that the modest therapeutic success of synthetic retinoic acid analogs could be due to their induction of increased RARβ expression, which is eventually repressed by other factors, possibly a corrective increase in the RARα isotype of the retinoic acid receptors. Indeed, there is evidence that RARβ is required for the antiproliferative effect exerted by retinoids and that RARβ is a potential tumor suppressor agent.[@b54-cmar-4-233] This brings us to the concept that imbalances in the expression of retinoic acid receptor isotypes may contribute to oncogenesis.

Evidence of RARα upregulation in glioma
=======================================

Endogenous changes in retinoid metabolism associated with increased retinoid accumulation, expression, and toxicity may be a common pathway for the development of many forms of cancer. In the case of glioma, excessive exposure of the glial cells to retinoic acid due to, eg, cigarette smoking, use of hair dyes, irradiation, and exposure to certain chemicals and viruses, as well as traumatic brain injury, may result in alterations in the expression of retinoid receptor isoforms, characterized by increased expression of RARα and reduced expression of RARβ.

Although little is known about the postulated increase in RARα, there is growing evidence for the existence of RARβ underexpression in cancer (see below). Evidence of increased RARα expression in brain tumors is sparse but, in apparent contradiction to our thesis, Kleinschmidt-DeMasters et al[@b55-cmar-4-233] found that RARα was clearly altered in lung cancer tissue, and there was increased nuclear expression in metastatic melanomas and in lung carcinoma, but no upregulation (by nuclear staining) of RARα in gliomas.

RARβ as a tumor inhibitor
=========================

RARβ is unique among the members of retinoic acid receptor isotype family because its gene expression is lost during the early development of numerous tumors. RARβ also has a demonstrated unique role as a tumor suppressor protein and regulator of retinoid inhibition of cell proliferation in several types of cancer. RARβ-deficient mice also display abnormalities in the vitreous body in the eyes and impaired abilities in locomotion and motor coordination. RARβ2, in particular, is suppressed at early stages of carcinogenesis, so agonists can be expected to be useful only in combination with agents that can reverse the silencing of RARβ2.[@b54-cmar-4-233] What causes RARβ2 silencing? It is proposed that the silencing agent is RARα, due to excessive and prolonged exposure to retinoic acid. If this is the case, a RARα antagonist in combination with a RARβ agonist might be effective in the treatment of glioma and possibly other tumors.

Proposed treatment of glioma
============================

A more targeted approach involving the different isotypes and isoforms of the retinoic acid receptor and retinoid X receptor appears to be needed for treating cancer. If the present hypothesis is correct, and RARα is involved in tumor pathogenesis, then administration of retinoic acid analogs would be expected ultimately to worsen the disease. A more effective approach suggested by the hypothesis would be to combine an RARα antagonist with an RARβ agonist. However, no study to date has examined the impact of an RARα antagonist as a potential treatment for cancer. As noted, treatment strategies to date involving retinoids have been based on the supposition that a retinoid deficiency contributes to the development of cancer. Hence, it would be thought inappropriate to use an RARα antagonist as a potential treatment. Therefore, it remains an open question as to whether or not the combination of an RARα antagonist and an RARβ agonist would be more effective than an RARβ agonist alone.

It is of special interest that the first RARα antagonist (Ro41-5253) to be developed[@b56-cmar-4-233] is a peroxisome proliferator-activator receptor-gamma (PPARγ) agonist, in that it can bind and activate PPARγ, albeit weakly.[@b57-cmar-4-233] PPARγ is a master regulator of adipocyte differentiation and a target of the widely prescribed antidiabetic thiazolidinediones. Studies indicate that PPARγ ligands (such as ciglitazone) regulate differentiation and induce cell growth arrest and apoptosis in a variety of cancer types.[@b58-cmar-4-233] These observations support the present hypothesis insofar as they suggest that expression of PPARγ is effectively equivalent to RARα antagonism, ie, RARα antagonism is a natural consequence of PPARγ activation or expression. On the other hand, clinical trials to date indicate that PPARγ agonists are not useful as monotherapy for common cancers.[@b59-cmar-4-233] PPARs bind to DNA as heterodimers with retinoid X receptors, and a synthetic retinoid X receptor agonist (6-OH-11-O-hydroxyphenantrene, IIF) has been found to have strong antitumor activity; in addition, combined use of the PPARγ ligand ciglitazone and the retinoid X receptor agonist IIF enhanced the effects of ciglitazone on the inhibition of glioblastoma and melanoma cell growth and tissue invasion.[@b58-cmar-4-233]

RARα and RARβ are functionally interdependent in that, if RARα is antagonized, endogenous beta signaling is not activated, an effect that could be overcome by providing exogenous RARβ agonist.[@b60-cmar-4-233] Hence, the proposed use of an RARα antagonist in cancer treatment would require simultaneous supplementation with an RARβ agonist.

The suggestion that RARβ could stimulate regeneration of normal brain tissue is supported by the observations that retinoic acid stimulates neurite outgrowth in vitro of both embryonic central and peripheral nervous system via activation of RARβ2; regions of the cerebellum and cerebral cortex also express RARβ2; RARβ agonist-induced endogenous RARβ expression occurs in a dose-dependent manner and neurite outgrowth by RARβ can occur via phosphoinositide 3-kinase signature; and RARβ activity through phosphoinositide kinase signaling also induces axonal outgrowth of descending corticospinal fibers and promotes functional recovery in a model of spinal cord injury.[@b61-cmar-4-233] It is not yet known if an RARβ agonist can restore damaged glial cells and serve as a treatment for glioblastoma.

Conclusion
==========

Recurrence of malignant glioma is common within 2 years, despite treatment, and most clinical trials have a poor outcome.[@b62-cmar-4-233] No curative treatment for glioma exists, and no further improvement in outcomes from surgery, radiotherapy, or classic cytotoxic chemotherapy is considered likely. New treatments are needed that target the specific tumor and its biology. An ideal agent would specifically target tumor cells in the infiltrated brain by binding to a receptor effectively expressed on tumor cells; it would not be toxic to normal brain tissue and it would either cross the blood--brain barrier with ease or be delivered directly to the extracellular space of the tumor.[@b63-cmar-4-233] It remains for future research to determine whether these specifications will be met by the proposed combination of an RARα antagonist and an RARβ agonist for the treatment of glioma.
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